Clarkia stellata Mosquin (Onagraceae) is an uncommon annual herb endemic to Plumas and Yuba Counties in northeastern California that has threatened populations due to noxious weeds, recreational and forest management activities, and development. The purpose of this study is clarify the species identification of populations of Clarkia stellata for management purposes, specifically, populations of C. stellata and C. rhomboidea that are difficult to differentiate in the field. A total of 11 populations of C. stellata and related species were sampled for morphometric analyses and nine populations were sampled for genetic analysis using amplified fragment length polymorphisms (AFLPs). Clarkia stellata can be separated from C. rhomboidea based on all floral characteristics except claw width, claw length, and isthmus width. These species also can be differentiated based on the following vegetative characteristics: petiole length, leaf length, leaf width, and plant height. The sympatric Clarkia mildrediae is easily differentiated from C. stellata by every character except petiole length, leaf length, and plant height; C. mildrediae differs from C. rhomboidea for all characters except petal speckling, pollen color, leaf width, and leaf length. Populations that were initially difficult to categorize as either C. stellata or C. rhomboidea were most similar to C. stellata; however, we were not able to identify a suite of characters that would distinguish these populations as either C. stellata or C. rhomboidea. An analysis of molecular variance (AMOVA) shows that although there was genetic variation among all populations (13.19%), the majority of variation is found within populations (86.81%). Genetic differentiation among all populations was low as calculated by Genetic Data Analysis (⌽ st ϭ 0.132) and Hickory ( B ϭ 0.0137); variance within populations was high (sigma-G ϭ 32.645) and between populations was low (sigma-P ϭ 4.96).
Clarkia stellata Mosquin (Onagraceae) was described from Lake Almanor, Plumas County and nearby Yuba County in Northeastern California (Mosquin 1962) ; it is now known to occur uncommonly in coniferous forest openings at elevations from 1000 to 1500 m within Plumas, Tehama, Nevada, Placer, and Yuba counties (Lewis 1993) .
Threats to populations of C. stellata include noxious weeds, timber harvest activities, reforestation, livestock grazing, lack of fire, fire fighting/suppression activities, spring prescribed burning, camping, mining, road construction and maintenance, and development (Van Zuuk 2000) . Clarkia stellata is not listed as rare, endangered, or threatened by the state or federal government; however, because of its uncommon occurrence, it is considered a ''sensitive species'' by the U.S. Forest Service (Van Zuuk 2000) .
Clarkia stellata is included within Clarkia section Myxocarpa which includes the diploid species C. australis Small, C. borealis Small, C. mildrediae (Heller) Lewis and Lewis, C. mosquinii Small, C. virgata Greene, and the polyploid C. rhomboidea Douglas (Small 1971a) . Clarkia stellata and C. rhomboidea are presumed to be autogamous based on simultaneous maturation of the stigma and anther. Extensive hybridization and chromosomal analyses strongly support that C. stellata originated as a result of one or more reciprocal translocations in C. mildrediae (Mosquin 1961; Small 1971a, b) .
Although Clarkia stellata is morphologically most similar to C. rhomboidea, based on chromosomal evidence, C. rhomboidea is hypothesized to have formed from hybridization between C. virgata and C. mildrediae (Mosquin 1964) . Clarkia rhomboidea is common in yellow pine forests and woodlands at elevations less than 2500 m throughout the California Floristic Province and beyond. Although Small (1971) noted that C. stellata tends to occur on more xeric microsites than C. rhomboidea, these species often occur sympatically and are indistinguishable in the vegetative state. Sympatric is defined here as occurring in close proximity but not in mixed populations, with the exception of the ''C. stellata/rhomboideaЉ populations, which are mixed. (Small 1971; Gottlieb and Janeway 1995) . Although some morphological characters superficially separate the Section Myxocarpa species that occur sympatrically in northeastern California (C. stellata, C. rhomboidea, C. mildrediae, and C. mosquinii [Table 1 ; Lewis 1993] ) overlapping variation has been identified frequently in the field (L. Janeway personal observation). The purpose of this study is not to provide a definitive study of members of Clarkia section Myxocarpa but is to clarify the identification of populations of C. stellata for management purposes. Specifically, populations of C. stellata and C. rhomboidea in northeastern California are often difficult to differentiate, and our null hypothesis is that populations of these species cannot be separated morphologically and genetically.
MATERIALS AND METHODS

Morphometric Data Collection
Two populations ambigously identified as Clarkia ''stellata/rhomboidea'', known populations of C. stellata (six) and C. rhomboidea (two), and one population of C. mildrediae (included because of its sympatry with a C. ''stellata/rhomboidea'' population) were sampled in June and July 2001 (Table  2 ). In the ''C. stellata/rhomboidea'' populations, individuals were selected for analyses based on their ambiguous morphological characters. Clarkia mosquinii was not included in this study because of its rarity, it is not easily confused with the other study species, and it has not been reported growing with C. stellata. Populations were sampled based on records provided by the U.S. Forest Service and based on an a priori determination that used the characters provided by Lewis (1993) . Some difficulty was encountered in finding populations with enough flowering plants for adequate sampling due to low rainfall during the winter of 2000-2001. Material was collected from a total of 210 individuals, where n ϭ 16-20 per population. Voucher specimens for all populations are on file at the CSU Chico Herbarium (CHSC).
We followed the protocol of Gottlieb and Ford (1999) for petal measurements and collected only from plants that had open stigmas. The following floral characteristics were measured: limb width, ''isthmus'' width at the narrowest point, claw width, and claw length. Petal speckling was assigned a value of 1 (none), 2 (slight), 3 (sparse), 4 (moderate), and 5 (dense). Pollen color was assessed on fresh material in the field and assigned a value of 1 (yellow and light yellow), 3 (light green), and 5 (light blue and blue). The vegetative characters, leaf length, leaf width, petiole length, and plant height were also measured.
Morphometric Data Analysis
Descriptive statistics were calculated for each population for all measured characteristics. Differences among ''species'' categories were analyzed using a Kruskal-Wallis One Way Analysis of Variance on Ranks. All pairwise multiple comparison procedures were calculated using Dunn's method. Petal speckling is often cited as a key character, thus we performed a multiple linear regression analysis between this and all other morphological characteristics to estimate its reliability in identifying the study species. All morphological statistics were calculated using SigmaStat 3.2 (SPSS, Inc. CA USA).
Genetic Data Collection
Leaf samples were put on ice and directly transported to California State University, Chico (CSU Chico), where they were stored at Ϫ80ЊC until DNA extraction. Genomic DNA was extracted from the same individuals used in the morphometic analysis using a Fast Prep Kit (Bio 101, Inc); however, population sample sizes ranged from 6-20, and the HUMB and MDWV populations were not included, due to difficulties in the extraction and PCR process. DNA concentrations were determined using a GeneQuant (Pharmacia Biotech), and the samples stored at Ϫ20ЊC until needed.
AFLP digestion, ligation, and PCR-amplifications were carried out using an AFLP Analysis System (Vos et al. 1995 gies, 1996) with some modifications. Approximately 250 nm of genomic DNA were double digested with the restriction enzymes EcoR1 and Mse1. The DNA and enzymes were mixed with a reaction buffer (50mM Tris-HCl (pH 7.5), 50 mM Mg-acetate, 250 mM K-acetate), and distilled water, placed in a thermocycler for 2 hr at 37ЊC and incubated period at 70ЊC for 15 min. The samples were then cooled, adapters and DNA ligase added, and the mixture incubated for 2 hr at 20ЊC. The DNA was diluted with TE buffer to a concentration of 1:10 and used in the first of two PCR programs. The samples were prepared for the first program by the addition of pre-amplification primer mix (0.94 g/mL EcoR1 adapter, 0.94 g/mL Mse1 adapter, 10mM dNTP's), 10X PCR buffer plus MgCl 2 , and Taq polymerase. The PCR program was as follows: 94ЊC for 30 sec, 56ЊC for 60 sec, and 72ЊC for 60 sec for 20 cycles. The PCR product was diluted to a concentration of 100 ng of DNA. The final PCR reaction was run with diluted DNA PCR product and two mixes. In mix 1, the EcoR1 and Mse1 primers were selected and mixed together. Ten primer combinations were screened and ultimately, two AFLP primer set combinations (EcoR1/Mse1) were used to identify polymorphisms within and among populations. In mix two, 10X PCR buffer, distilled water, and Taq polymerase were mixed. Mix 1 and 2 were then combined with the diluted DNA and underwent the following PCR conditions: 94ЊC for 1 min, 65ЊC for 1 min; and 72ЊC for 1 min, 30 sec for 23 cycles.
AFLP-PCR products were separated electrophoretically on a non-denaturing 6% polyacrylamide gel at 1000 volts for two hours. The resulting banding patterns were visualized using silver staining (Cho et al. 1996) . The gels were dried overnight and photographed using APC (automatic processor compatible) film from Promega (catalog # Q441) and a light table. The light exposed photo paper was developed using an X-ray film-processing machine.
Genetic Data Analysis
Presence (1) or absence (0) data from the AFLP gels were collected for each individual via manual scoring. Only fragments that were unambiguous were included in the analysis. These data were used to calculate genetic similarities using Pairwise squared Euclidean distances (Excoffier et al. 1992) constructed with a Euclidean Matrix Macros in Microsoft Excel (2000) . Genetic similarities among populations were analyzed by the AMOVA program (version 1.55; Excoffier et al. 1992) , which allows calculation of variance components and significance levels on several hierarchical levels, including within and among populations (Schierenbeck et al. 1996; Schmidt and Jensen 2000) . PAUP version 4.0b8 was used to generate a NeighborJoining phylogram with the Upholt option in order to show associations among populations (Swofford 1998) . Within population statistics for expected heterozygosity (He) and polymorphic loci (P) were calculated using Genetic Data Analysis (Lewis and Zaykin 2002) . Hickory version 1.0 (Holsinger et al. 2002; Holsinger and Lewis 2003) was used to calculate the population statistics, f and B , analogous to the F-statistics (Wright 1969 ) F IS and F ST , respectively. We used the Hickory default values for burn-in (50,000), sampling (250,000), and thin (50). Hickory uses Bayesian methods and specifically here, the Deviance Information Criterion (DIC), which fits the f model to the data, and allows a determination of inbreeding within populations or genetic differentiation among populations.
RESULTS
Morphological Analysis
Descriptive statistics for morphological characteristics are provided for all populations (Table 3 ). An ANOVA by species categorization indicates there are significant differences between C. stellata and C. rhomboidea for all characters except claw width, claw length, and isthmus width (Appendix 1); between C. stellata and C. mildrediae for all characters except petiole length, leaf length, and plant height; and between C. rhomobidea and C. mildrediae for all characters except leaf length, leaf width, pollen color, and petal speckling. Populations that were ambiguously identified as ''C. stellata/C. rhomboidea'' showed significant differences with C. stellata for limb width and total petal length; with C. rhomboidea for limb width, total petal length, pollen color, petal speckling, and plant height; and with C. mildrediae for limb width, total petal length, claw width, claw length, isthmus width, pollen color, and petal speckling (Appendix 1). Uneven sample numbers, unequal variances, and non-normal data prevented an analysis of population-by-population differences.
A multiple linear regression with petal speckling as the dependent variable indicates there is a strong correlation with this trait and the independent variables, total petal length, claw width, isthmus width, pollen color, leaf length, and plant height (Table 4) .
Genetic Analysis
Two primer combinations in the AFLP process yielded a total of 136 AFLP loci among 107 individuals. Mean total heterozygosity across all populations was 0.154 and ranged from 0.103 (GANS/ CLRH) to 0.185 (JCTH/CLRH) within populations (Table 5 ).
An analysis of molecular variance (AMOVA) shows that although there was genetic variation among the populations (13.19%), the majority of variation is found within populations (86.81%). Genetic differentiation among all populations was also low as calculated by Genetic Data Analysis (⌽ st ϭ 0.132). Variance within populations was high 32.645 (sigma-G) and variance between populations (sigma-P) was 4.96.
Based on the 136 polymorphic loci across these nine populations, the Hickory analysis revealed similar f ϭ 0 and full model DIC values of 3645.59 and 3642.35, respectively and provide weak evidence for inbreeding. Comparatively, a DIC value of 3665.0 from the ϭ 0 model indicates there is evidence for some differentiation among populations. The f-free model in Hickory gave a B ϭ 0.0137 (the Bayesian analog of G ST ) based on a mean f value of 0.5025 and a 95% credible interval of 0.2906 and 0.9811. The B ϭ 0.0137 value is lower than traditional estimates of F ST or G ST because they assume total inbreeding or total outbreeding.
Distance matrix calculations and the corresponding neighbor joining tree indicate that populations consistently most closely related are: JCTH/r, MONT/s, CALF/s; CONE/s, WATM/m, GANS/r; and WILL/s, WATS/sr, HRIM/sr (Table 6 , Fig. 1) . A Neighbor-Joining phylogram was consistent with the AMOVA, ⌽ ST , and Hickory data; there was no statistical significant clustering of any of the populations by initial species categorization (Fig. 1) .
DISCUSSION
The purpose of this study was to determine whether there are a suite of characteristics that could be used to identify C. stellata from the sympatric species, C. rhomboidea and C. mildrediae, and if these characters were associated with measurable molecular variation. We have demonstrated Saitou and Nei (1987) . Species and location labels are referenced in Table 2 .
that populations of C. stellata can be separated from C. rhomboidea based on all vegetative characteristics measured and all floral characteristics except claw width, claw length, and isthmus width. Clarkia mildrediae is easily differentiated from C. stellata for every character except leaf length, petiole length, and plant height; C. mildrediae differs from C. rhomboidea for all characters except petal speckling, pollen color, leaf width, and leaf length.
Populations that were initially difficult to categorize as either C. stellata or C. rhomboidea were most similar to C. stellata; however, we were not able to identify a suite of characters that would distinguish these populations as either C. stellata or C. rhomboidea. Petal speckling can be predicted from a linear combination of the independent variables, total petal length, claw width, isthmus width, pollen color, leaf length, and plant height and these correlated characters may be interpreted to be a good suite of traits with which to identify species. This correlation, however, could simply mean that these characters are genetically linked regardless of species identification. Common garden experiments are needed for these taxa for further clarification on the inheritance and variability of these traits. The analyses of molecular data indicate that most of the variation in the populations sampled is distributed across all populations. Species categorization is not consistent with the genetic data, and thus a conclusive determination about the evolutionary relationships among these populations cannot be determined here. Our data are consistent with genetic variation found in Clarkia australis and C. virgata with allozymes (Gottlieb and Ford 1999) and the high levels of allozyme variability found in Clarkia dudleyana that is not correlated with morphology (Podolsky 2001) .
The distribution of molecular variation we found among these populations reflects shared variation between the study populations and is consistent with the derivation of Clarkia stellata from C. mildrediae, and C. rhomboidea from C. mildrediae and C. virgata (Gottlieb and Janeway 1997) . We cannot conclude from these data that these populations represent different species. However, AFLPs are highly variable markers (Garcia-Mas et al. 2000) , and additional techniques may provide a more precise estimate of relatedness among these populations. Although the possibility exists that same-sized AFLP fragments are not homologous across species, the close relatedness and recent evolution of these species should make a lack of homology unlikely. Additionally useful tools include restriction site analysis of the inter-transcribed spacer region of rDNA (ITS) or of non-coding regions of the chloroplast genome (cpDNA). Karyotype analysis within and among populations also may clarify the evolutionary relationships among these taxa. It is imperative if either ITS or cpDNA data are collected that a number of individuals are collected from each population. Rapid evolution within and hybridization among Clarkia species may otherwise obscure important differences in ambiguously identified populations.
We suggest that future genetic studies include more species and populations within Clarkia Section Myxocarpa. Field identification however, may never be simplified within Clarkia section Myxocarpa. A number of studies of this section have identified taxonomic difficulties due to recent speciation, local adaptation, rapid chromosomal evolution, sympatry, and hybridization (Mosquin 1966; Small 1971a, b; Grant 1981; Gottlieb 1995; Gottlieb and Ford 1999 
